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ABSTRACT. This study focuses on the effects of ultraviolet radiation (UVR) on bacterioplankton. The 
effect of different parts of the sunlight spectrum on the leucine and thymidine incorporation and on the 
induction of DNA damage in natural bacterial populations in the coastal Caribbean Sea off Curaqao 
were investigated. DNA photodamage in microorganisms and biodosimeters was quantified by the 
number of cyclobutane dimers (thymine dimers). Increasing DNA damage during the day was found 
when incubated in full surface solar radiation. When UVBR was excluded no DNA damage was 
observed, indicating that thymine dimers were only formed by UVB radiation. The amount of thymine 
dimers in the >0 .8  pm fraction was only one-third of the amount of induced thymine dimers in the 
<0.8 pm fraction, suggesting that phytoplankton is less sensitive to UV-induced DNA damage than 
bacterioplankton. Protein and DNA synthesis was inhibited to about 30% of the dark control during the 
day when exposed to surface solar radiation. In both protein and DNA synthesis a trend was found, 
with the highest inhibition under full solar radiation, lower inhibition when UVBR was shielded off and 
the lowest inhibition when UVAR (<375 nm) was also shielded off. The intracellular carbohydrate con- 
tent of the phytoplankton incubated under full solar radiation was not significantly higher than the dark 
incubation, while the contents after incubation without UVBR were significantly lngher. The carbohy- 
drate content in the samples incubated without UVBR and UVAR (<375 nm) was a little higher than 
with only UVBR shielded off. In summary, the results show that in the coastal Caribbean Sea UVBR is 
responsible for DNA damage in bacterio- and phytoplankton, while protein and DNA synthesis in bac- 
terioplankton was inhibited by UVBR. UVAR and PAR and carbohydrate synthesis in phytoplankton by 
both UVBR and UVAR. 
KEY WORDS: UV radiation. Bacterioplankton . DNA damage - Bacterial production . Phytoplankton 
Carbohydrates 
INTRODUCTION 
Ultraviolet radiation (UVR) penetrating the water 
column is one of the physical variables influencing 
marine ecosystems in the euphotic zone (e.g. plank- 
tonic life and coral reefs). Due to the depletion of the 
ozone layer, UVBR research has become an important 
research topic. Research on the effects of UVR has con- 
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dam, Nieuwe Achtergracht 127, 1018 WS Amsterdam. The 
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centrated mainly on the polar regions because the rel- 
ative amount of UVBR (280 to 315 nm) is mostly in- 
creasing in these areas due to the stratospheric ozone 
depletion (Crutzen 1992, Madronich 1993, 1994). How- 
ever, the intensities of UVBR (280 to 315 nm) and 
UVAR (315 to 400 nm) reaching the earth's surface in 
tropical regions are naturally very high compared to 
other parts of the world due to the relatively thin ozone 
layer near the equator and the low zenith angle of the 
sun (Baker et al. 1980, Madronich 1993). UVBR has a 
much lower intensity than UVAR and PAR, but is a 
highly reactive component of sunlight. In the tropics, 
O Inter-Research 1999 
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no significant trends in changes in ozone have been 
seen (Madronich 1993), but the UVB radiation is much 
higher than in Antarctica, even under ozone-hole con- 
ditions (Holm-Hansen et al. 1993). 
Despite high natural UVR levels, very little is known 
about UVR as a natural stress factor in tropical organ- 
isms. Since marine ecosystems in tropical regions are 
often oligotrophic, UVR penetrates deeply into the 
water column. Coral reefs are situated at those lati- 
tudes receiving high UVR and this may affect the 
energy flows in coral reefs. In view of changes in the 
incoming UVR, either by increases in the incident radi- 
ation by depletion of the ozone layer or by changes in 
penetration, for instance as a result of changes in dis- 
solved organic matter in polluted areas, the under- 
standing of the role that UVR plays in the ecosystem 
will facilitate predictions of changes in the functioning 
of organisms. 
UVR is known to cause DNA aamage in various 
organisms. Different kinds of photoproducts are 
known, with cyclobutane pyrimidine dimers, the 
pyrimidine (6-4) pyrirnidone and the Dewar pyrirni- 
done as the most predominant ones (Mitchell & Kar- 
entz 1993). From the cyclobutane pyrimidine dimers, 
thymine dimers occur with the highest frequency in 
nature (Mitchell & Karentz 1993). Thymine dimers 
have been observed in aquatic organisms such as cul- 
tures of diatoms (Karentz et al. 1991, Buma et al. 1995), 
in different fractions (<0.8 and < l 0  pm >0.8 pm) of sea- 
water samples (Jeffrey et al. 1996a,b) and in bacteria 
associated with the mucus layers of corals (Lyons et al. 
1998). This DNA damage can have many conse- 
quences, the most important being that it inhibits the 
functioning of polymerase and thereby affects the 
growth rate. 
Much research has focused on phytoplankton, and it 
has been found that UVR can decrease the growth rate 
by reduced photosynthesis, DNA damage or other 
damaged parts of the cells (e.g. Holm-Hansen et al. 
1993, Vincent & Roy 1993, Smith & Cullen 1995). Little 
attention has been drawn to the effects of UVR on bac- 
terioplankton, although it is now understood that het- 
erotrophic bacteria are a large and productive compo- 
nent of the planktonic microbial food web in a variety 
of marine systems (Ducklow 1990). 
Inhibition of incorporation of leucine (estimate of 
protein synthesis) and thymidine (estimate of DNA 
synthesis) in bacterioplankton by UVR has been shown 
by Aas et al. (1996) and Herndl et al. (1993, 1997). W R  
can also affect bacterioplankton indirectly. Firstly, pho- 
tolysis of dissolved organic carbon can increase the 
available substances for uptake by bacteria, which can 
stimulate bacterial productivity (Lindell et al. 1995, 
Herndl et al. 1997). Secondly, bacterivorous grazers 
can be reduced in their motility and grazing activity by 
UVR (Sommaruga et al. 1996). All different effects of 
UVR have consequences for the functioning of the 
microbial food web. 
This study focused on the effects of UVR on bacterio- 
plankton. The aim of the study was to gain more 
insight into the impact of sunlight on bacterial produc- 
tion and energy flows in the microbial food web in 
tropical waters. The effect of different parts of the sun- 
light spectrum on leucine and thymidine incorporation 
and on induction of DNA damage in natural popula- 
tions in the Caribbean Sea off Curaqao were investi- 
gated. Measurements were performed after short-term 
incubations (3 h) and followed on a diurnal time scale. 
DNA damage was determined in fractionated samples 
in order to investigate possible differences in sensitivity 
to UVR between phytoplankton and bacterioplankton. 
Biodosimeters were used to estimate the biologically 
effective doses of UVBR. Quantification of cyclobutane 
pyrimidine dimers in pure DNA was used as a reliable 
measure for the biologically effective UVB dose by Jef- 
frey et al. (1996ab), Regan et al. (1992) and Boelen et 
al. (1999). Boelen et al. (1999) showed that the induc- 
tion of DNA damage as measured with these bio- 
dosimeters correlated well with biologically effective 
irradiance calculated from spectroradiometer mea- 
surements, using the DNA action spectrum of Setlow. 
The diurnal changes of the intracellular carbohydrate 
content in phytoplankton, as an estimate of primary 
production, were also followed in bags incubated 
under different parts of the sunlight spectrum. Further- 
more, the effect of the presence of phytoplankton on 
the response of bacteria to UV was investigated. 
MATERIAL AND METHODS 
Incubations to measure DNA damage and protein 
synthesis. Experiments were performed at Curafao 
(60 km X 11 km), one of the Netherlands Antilles in the 
southern Caribbean. Surface samples were taken on 
the morning of the experiments between 08:15 and 
08:45 h at a spot (of >l00 m depth) about 1 km south of 
the Carmabi Institute (12" 07' N, 69" 57' W, south coast 
of Cura~ao,  5 km north-east of the town Willemstad). 
In case of a later start of the incubation, the samples 
were stored in white containers in the shade. 
In all incubations raw seawater was used and, in 
some incubations, seawater filtered through 0.8 pm 
filters (Millipore, polycarbonate ATTP), which re- 
moves about 80 % of the phytoplankton of the sample, 
was used. The incubations were performed in plastic 
bags (polypropylene bags [Sarstedt special disposal 
bags] and Whirlpack bags) which had high transrnis- 
sion in the UVBR and UVAR range (Fig. 1). For the 3 
h incubations polyethylene bags (Whirlpack) were 
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Fig. 1. Transmission spectra of different materials used in the 
experiments: plastic bags (polypropylene and Whirlpack) for 
incubating samples, Mylar foil (to shield off UVBR) and plexi- 
glass (to shield off UVBR and UVAR < 375 nm) 
used, filled with 800 rnl sample. For the longer incu- 
bations polypropylene bags were used, filled with 
about 3 to 8 1. For the determinations on carbohydrate 
contents 10 1 were incubated. All bags were placed 
just below the water surface in open trays (to provide 
cooling of the bags) close to the Carmabi pier. One 
tray was uncovered to allow maximal exposure to full 
sunlight. Another tray was covered with Mylar foil, 
shielding off radiation <320 nm, and yet another tray 
was covered with plexiglass, to shield off radiation 
<375 nm (Fig. 1). The dark control bags were packed 
in black bags. The transmission spectra of the plastic 
bags, Mylar foil and plexiglass (Fig. 1) were measured 
on a spectrophotometer (CARY model 3E UV-Visible 
[Double Beam]). The same sheet of Mylar foil was 
used for not more than 12 h of incubation in the sun- 
light, since long-term exposure to UVR can change 
the transmission spectrum considerably (Middleton & 
Teramura 1993). 
The 3 h incubations were started at 10:30 h. At the 
end of the incubation, samples (c100 ml) were taken 
from the bags with a syringe for determination of the 
leucine incorporation rate and bacterial counts; the 
remaining content was filtered through 10, 0.8 and 
0.2 pm polycarbonate filters (Poretics) for the quantifi- 
cation of DNA damage (thymine dirners). From count- 
i n g ~  it appeared that no phytoplankton passed through 
these 0.8 pm filters (in contrast to the Millipore ATTP 
0.8 pm filters, where 20% of the phytoplankton still 
passed through the filters as earlier mentioned) and 
about 40 % of the total bacteria in the sample remained 
on the filters. The experiments were performed be- 
tween January 21 and April 3, 1997. 
To determine the diurnal response to UVR, changes 
in leucine and thymidine incorporation and DNA dam- 
age and carbohydrate concentration were followed 
during the light period. Samples were taken in the 
morning as described earlier and incubated in poly- 
ethylene bags. Samples were taken (removal of 1 bag 
per sampling time) at regular time intervals (see times 
in the Figs. 5 & 7). Experiments in which the diurnal 
changes in leucine and thymidine incorporation and 
DNA damage were followed were performed on 
March 11, 20 and April 3, 1997 and on January 29 and 
February 24, 1998. Experiments in which the diurnal 
changes in intracellular carbohydrates in the phyto- 
plankton were followed were performed on March 10, 
11 and April 27, 1998. 
Light measurements. Light measurements were per- 
formed during the incubations every 20 s using a Bios- 
pherical Instruments Model PUV 510 radiometer 
which measures UVR at 305, 320, 340 and 380 nm as 
well as PAR. At the measured wavelengths, the inte- 
grated radiation dose over the duration of the experi- 
ment was calculated. 
For estimation of the biologically effective UVR, bio- 
dosimeters were exposed during all experiments to the 
same light conditions as the bags over the entire day. 
Every time bags were sampled, 2 dosimeters were 
removed and stored in the freezer. The used bio- 
dosimeters (calf thymus DNA in quartz tubes) were 
identical to the ones used by Boelen et al. (1999). After 
incubation, the biodosimeters were stored at -20°C 
until analysis (quantification of thymine dimers in the 
home laboratory). 
Leucine and thymidine incorporation. Leucine and 
thymidine incorporation rate was determined as 
described by Simon & Azam (1989) using cold extrac- 
tion. Leucine (final concentration 40 nM; 7.5 to 10% 
leucine [3, 4, 5-3H]-leucine (NEN), specific activity 
180 Ci rnmol-' [Dupont de Nemours]) or thymidine 
(final concentration 10 nM [methyl-3H]-thymidine 
(NEN), specific activity 84 to 90 mCi mmol-l [Dupont 
de Nemours]) was added to 3 subsamples of 10 m1 and 
to a formalin-fixed control. The subsamples were incu- 
bated in the dark for 60 min in an open tray in the 
water. The incubation was terminated by adding 
buffered formaldehyde (1 % final concentration, 
pH 7.6). After extraction of the subsamples (30 min on 
ice after addition of 5 % TCA final concentration), sam- 
ples were filtered onto 0.2 pm filters and thereafter 
rinsed 4 times with 2 m1 5 % TCA and twice with 2 m1 
0.2 pm filtered seawater with formalin (2 %). The incor- 
porated 3~- leuc ine  and 3H-thymidine were deter- 
mined by liquid scintillation counting (Racka Beta 
scintillation counter). 
Carbohydrates. For quantification of the carbohy- 
drate concentration about 3 1 of incubated seawater 
was filtered in triplicate over precombusted GF/F fil- 
ters. The filters were stored at -20°C until analysis. 
The estimation of the glucose concentration of the 
organisms collected on GF/F filters followed the GOD- 
Perid method of Boehringer (Werner et al. 1970), after 
hydrolysis of the samples (incubation in 2N HCl at 
100°C for 1 h), with glucose as standard. 
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Bacterial counts. Bacteria were enumerated accord- 
ing to the procedure described by Hobbie et al. (1977). 
Subsamples of 5 m1 were stained with acridine orange 
(final concentration 0.01 %) and filtered onto 0.2 pm 
filters (black polycarbonate). The filters embedded in 
immersion oil were stored on slides at -20°C before 
enumerating. The number of bacteria was determined 
using an  epifluorescence microscope. 
DNA damage. At the end of the incubations, the 
samples were pressure-filtered through a series of 10, 
0.8 and 0.2 pm filters (polycarbonate filters Poretics). 
After 30 min the filtration was stopped (about 1.5 to 
2.0 1 was filtered) and the filters were frozen in liquid 
nitrogen and stored at -20°C until analysis. 
For the quantification of DNA damage, DNA col- 
lected on the filters was extracted from the filters. To 
the filters 750 p1 CTAB buffer (2% CTAB, 1.4 M NaCI, 
20 mM EDTA, 100 mM Tris-HC1 pH 8) and 1.5 p1 
9-niercaplo-eiildnoi were added and the samples were 
heated at 60°C for 30 min. Subsequently, 750 p1 CIA 
(chloroform: isoamylalcohol24:1) was added, vortexed 
and centrifuged (20 000 X g) for 10 min. After centrifu- 
gation, the water phase was transferred to a new tube 
and 2/3 volume cold isopropanol was added. After 1 h 
at 4"C, the samples were centrifuged at this tempera- 
ture for 30 min. The pellets were resolved in ice-cold 
ethanol (80%). After at least 15 min at -20°C, the sam- 
ples were centrifuged for 30 min at 4OC. The pellets 
were dried and resolved in TE-buffer (10 mM TRIS pH 
8, 1 mM EDTA) and treated with RNAse to remove 
RNA. The DNA concentration was determined in a flu- 
orometer (Wallac 1420 Victor plate reader or Hitachi F- 
2000 Fluorescence Spectrophotometer) after labelling 
the DNA with a fluorescent probe (Picogreen, Molecu- 
lar Probes). 
The thymine dimers in the DNA extracted from the 
material collected on the filters and in the biodosime- 
ters were quantified via an immuno-dot-blot method as 
described by Boelen et al. (1999). 
Statistics. Statistical analyses were done with Systat 
7.0. The General Linear Model was applied to the data 
and the level of significance was tested with Pairwise 
Comparison (Bonferroni). 
RESULTS 
Short-term exposure around noon 
Leucine incorporation rates in the dark incubations 
were in the range of 20 to 300 pm01 leucine incorpo- 
rated 1-' h-'. The results of the treatments are all 
expressed as percentage of the incorporation rates of 
the sample incubated in the dark to allow comparison 
of different experiments and different dates. The aver- 
F M P D  
Fig. 2. Average leucine incorporation rates as percentage of 
the dark incubation in bags incubated under full solar radia- 
tion (F), under Mylar foil (M, UVBR blocked light), under 
plexiglass (P, bloclung UVBR + UVAR <375 nm) and in the 
dark (D) after 3 h lncubations around noon. Error bars repre- 
sent the standard error of the mean. White bars: unfiltered 
seawater (n = 10), grey bars: 0.8 pm filtered seawater (n = 6) 
ages of the leucine incorporation rates after 3 h incu- 
bations around noon of born unfiitered and 0.8 pm fil- 
tered samples are plotted in Fig. 2. A significant differ- 
ence was found between incubation under full solar 
radiation and shielding off UVR<375 nm (plexiglass; 
filtered sample: p < 0.05, unfiltered: p < 0.0001) and 
between shielding off UVBR (mylar foil) and shielding 
UVRc375 nrn (plexiglass, filtered sample: p < 0.05, un- 
filtered: p < 0.0001). No significant difference was 
found between incubations in full solar radiation and 
shielding off UVBR. No significant difference was 
found between the filtered and unfiltered samples. No 
changes in the number of bacteria in the different bags 
at the end of the incubation were found (Table 1). 
In Fig. 3, the average DNA damage in the <0.8 pm 
fraction and biodosimeters incubated around noon for 
3 h under different light conditions are shown. Consid- 
Table 1. Number of bacteria (N X 10' ml-') in unfiltered sam- 
ples after incubation under full solar radiation (F), under My- 
lar-foil (M, shielding off UVBR), under plexiglass (P, shielding 
off UVBR and UVAR<375 nm) and in the dark (D). Standard 
error of the countings was on average 4 %  of the number 
(min. 3 and max. 7 'Yo) 
Date 
14 Feb 97 
18 Feb 97 
4 Mar 97 
6 Mar 97 
11 Mar 97 
19 Mar 97 
20 Mar 97 
26 Mar 97 
27 41ar 97 
3 Apr 97 
29 Jan 98 
Hours of F M P D 
incubation 
6.15 3 85 4.47 
3.00 3 84 4.02 4.02 4.01. 
3.00 3.52 4.13 4.10 4 47 
3.00 5.36 5.73 5.11 5.07 
7.20 4.54 3.63 
3.00 4.08 3.56 3.39 3.45 
7.15 3.61 3.44 3.70 3.33 
3.00 3 46 3.29 3.14 3.54 
3.00 2.51 3.03 3.24 3.49 
7.20 3 39 3.44 3.56 3.83 
7.35 3.18 3.79 3.06 3.83 
24 Jan 98 7.30 3.45 3.08 2.92 3.26 
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Fig. 3. Average DNA damage (thymine dimers per 106 nucle- 
otldes) in (a) <0.8 pm fraction of seawater samples incubated 
in bags (n = 3 to 5) and (b) biodosimeters (n = 5 to 6),  under full 
solar radiation (F),  under mylar foil (M, UVB blocked light), 
under plexiglass (P, blocking UVBR + UVAR 1375 nm) and in 
the dark (D) after 3 h incubation around noon. Error bars 
represent the standard error of the mean 
erable DNA damage was only found in the incubations 
exposed to full solar radiation. The average DNA 
damage in this incubation differed significantly from 
the other incubations: shielding UVBR (p 0.0001), 
shielding UVR<375 nm (p < 0.001) and in the dark 
(p  < 0.0001). These differences were also found in the 
biodosimeters (with p < 0.0001 for all treatments). No 
differences among the shielding/dark treatments were 
found. 
Diurnal incubations 
In Fig. 4, representative diurnal courses of radiation 
of UVB-305 nm and integrated radiation of UVB and 
UVA are shown. During the day, the leucine and 
thymidine incorporation rate as percentage of the dark 
decreased in full solar radiation to about 30 % (Fig. 5 ) .  
The diurnal changes in the averages of leucine and 
thymidine incorporation rates as percentages of the 
dark of 4 and 2 d,  respectively, are shown for the 3 
treatments. The leucine incorporation rate in the morn- 
ing hours was also inhibited in the incubations with 
UVBR shielded off, but in the afternoon the rates 
increased in these incubations. In the incubations 
without UVR<375 nm this increase was more pro- 
nounced, even up to a higher rate compared to the 
dark incubation, than when only UVBR was shielded 









9:OO 1 0 3 0  12 00 13:30 15:OO 16 30 18.00 
time of day 
Fig. 4 .  A representative diurnal course of UVB radiation 
(305 nm, scattered hne) in pW cm-' nm-', left y-axis, and the 
integrated UV radiation at 305, 320, 340 and 380 nm in 
J cm-'nm-', right y-axis 
the incubations was found on 2 of the 4 d on which the 
diurnal changes of the leucine incorporation were fol- 
lowed. The thymidine incorporation was not deter- 
mined on these days. On the other 2 days, the leucine 
incorporation showed a similar pattern as the thymi- 
dine incorporation. Inhibition of thymidine incorpora- 
tion was also found in all treatments, but to a lower 
extent compared with full solar radiation when UVBR 
was shielded off and with the lowest inhibition when 
also short wavelength UVAR was shielded off. 
This pattern is also clearly shown in the insets in 
Fig. 5, where the averages of all experiments and 
Fig. 5. Average diurnal courses of the incorporation rate (as % 
of the dark control) of (a) leucine (average of 4 d )  and 
(b) thymidine (average of 2 d) of bactenoplankton in seawater 
incubated in bags under full solar radiation (D), under mylar 
foil (X)  and under plexiglass (A). Insets represent the averages 
of all days and all sampling times of (a) leucine incorporation 
rate (n = 12) and (b) thyrnidine incorporation rate (n = 6 )  under 
the 4 treatments as  described in Fig. 2. Error bars represent 
the standard error of the mean 
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Thymidine 
<375 nm >375 nm <375 nm >375 nm 
09:15-12300 h 
09:15-14:15 h 22 48 30 26 66 
Table 2. Contribution of different parts of the sun light spectrum to inhibition relations with other wavelengths showed 
of leucine and thymidine incorporation as percentage of the total inhibition. a lower ~ 2 .  
The values are averages of 4 (leucine) and 2 (thymidine) d A lower inhibition after exposure to ra- 
diation without UVBR than exposure to 
full solar radiation was also found for the 
carbohydrate synthesis as shown in Fig. 7. 
The inset, in which the averages of the 
carbohydrate content of all experiments 
and sampling times are plotted, shows 
that the carbohydrate content under full 
solar radiation was a little higher than in 
sampling times are plotted. For these averages of both the dark (where no carbohydrate synthesis can occur) 
leucine and thymidine incorporation a trend was and was the highest when UVRc375 nm was shielded 
found, with the lowest percentage of the dark incuba- off. Only the difference in carbohydrate content be- 
tion under full solar radiation a Little higher when tween the dark incubation and incubation under mylar 
W R R  was shielded off and the highest when 
UVR<375 nm was shielded off. Only the difference in 
average leucine incorporation between incubations 300 
. ~ d e r  . - full solar radiation and wilh shieiding off 2 
& 250 / UVR<375 nm was significant (p < 0.05). No significant 
-D 
differences were found in average thyrnidine incorpo- % 200 - D i b 
ration between the different treatments. Inhibition in 5 150 - 
the morning appeared to be mainly caused by PAR for g 
both leucine and thymidine incorporation (Table 2) ,  8 
3 
while the contribution of inhlbition by UVR was more 50 - 
pronounced in the early afternoon (but PAR still had 0 - 
the highest contribution to the inhibition of thyrnidine 9:OO 10:30 12:OO 13:30 15:OO 16:30 18:OO 
incorporation). The numbers of bacteria in the sam- 
ples incubated during a day in the light and in the Fig. 7. Average diurnal changes in intracellular carbohydrate 
dark were at the end of the incubation content of phytoplankton as percentage of the dark control 
(Table 1). (n = 3), measured as glucose after hydrolysis of the polysac- 
charides, in seawater incubated in bags under full solar radi- 
All determined leucine rates as Per- ation (o), under Mylar foil (X)  and under plexiglass (A).  Inset 
centage of the dark rate when incubated in full solar represents the averages of all days and all sampling times 
radiation are summarized and plotted against the under the 4 treatments as described in Fig. 2 
received UVBR dose (305 nm) during the incubations 
in Fig. 6. The incorporation rates after 3 h incubation 
are included as well as the rates after various times of foil (p c 0.05) and under plexiglass (p < 0.001) were sig- 
incubations during the day. A significant linear corre- nificantly different. Only in the treatments without 
lation was found for leucine incorporation rates as UVBR did the carbohydrate content increase notably 
expressed in percentage of the dark control, while cor- during the day. In all light treatments an increase in the 
carbohydrate content was found in the morning and 
late afternoon, while in the incubation around noon a 
Q) 
100 decrease was found. 
F ?  75 The DNA damage in bacterioplankton ( ~ 0 . 8  pm frac- 
$2 so tion) increased from the morning to early afternoon 8 '5 
C 
.; 25 
(Fig. 8) and remained high until late afternoon. The 
Q) DNA damage in the biodosimeters increased more or 
- 0 less continuously throughout the day. A significant cor- 
0 10 20 30 40 relation between DNA damage and the received 
UVB-305 nm (mJ cm-' nm-l) UVBR (305 nm) dose could be found in the biodosime- 
ters (R2 = 0.79, n = 12, p < 0.01), but not in the bacteri- 
Fig. 6. Leucine incorporation rates of seawater as percentage oplankton fraction of the incubated seawater ( ~ 2  = 
of the dark incubation during various experiments plotted 
against the accumulated W B  radiation at 305 nrn during the 0.36, n = 9, p > 0.5). The amount of thyrnine dirners in 
incubation periods. The line shows the fits of linear regression the '0.8 pm fraction was 32% * 5 (SE, n = 17) of 
(intercept set at 100): y=-2.51 X +  100 (R2 = 0.55, n = 27, p < 0.01) the amount of thymine dirners in the ~ 0 . 8  pm fraction. 
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Tme of day 
Fig. 8. Diurnal courses in DNA damage (thymine dimers per 
106 nucleotides) in the ~ 0 . 8  pm fraction of seawater incubated 
in bags (0: under full solar radiation, m: in the dark; left-hand y- 
axis) and in biodosimeters (A: under full solar radiation, A: in 
the dark, right y-axis) on (a) March 11, and (b) April 3. 1997 
DISCUSSION 
This study shows that sunlight has a large inhibiting 
effect on bacterioplankton and this inhibition should 
be taken into account when the microbial food web in 
tropical waters is considered. A trend was found for the 
inhibition of leucine and thymidine incorporation in 
bacterioplankton partly by UVBR, but to a higher ex- 
tent by short wavelength UVAR and by long wave- 
length UVAR + PAR. UVBR only was responsible for 
DNA damage (thymine dimers) in bacterioplankton in 
the Caribbean Sea. Carbohydrate synthesis of phyto- 
plankton appeared to be inhibited by both UVBR and 
by UVAR ( ~ 3 7 5  nm). 
DNA damage in bacterioplankton ( ~ 0 . 8  pm fraction) 
in both seawater samples and pure DNA (biodosinle- 
ters) was found only when incubated in bags under f.ull 
solar radiation, indicating that thymine dimer forma- 
tion was caused by UVB radiation. The highest DNA 
damage in the bacterioplankton was found in the early 
afternoon and remained constant until late afternoon. 
This pattern was also found in the inhibition of the 
leucine and thyrnidine incorporation, suggesting that 
the highest induction of thymine dimers and inhibition 
of the production occurred during the morning and 
early afternoon hours under full solar radiation, reach- 
ing a maximum in the early afternoon. The damage in 
the biodosimeters was still increasing in the afternoon. 
Since repair mechanisms are available in bacteria but 
not in pure DNA, this might explain this discrepancy. 
Due to a lower UVB intensity in the afternoon, pho- 
toenzymatic repair influenced by UVAR and PAR 
(Mitchell & Karentz 1993, Kaiser & Herndl 1997) could 
probably compensate for induced UVRR damage. 
The amount of thymine dimers in the >0.8 pm frac- 
tion was only one-third of the dimers in the ~ 0 . 8  pm 
fraction, suggesting that phytoplankton was less sensi- 
tive to UV induction of DNA damage. From countings 
it appeared that about 30- to 40%) of the total bacteria 
in the sample did not pass the 0.8 pm filters. When this 
is taken into account, the DNA damage of the phyto- 
plankton would have been even lower than one-third 
of the DNA damage in bacterioplankton. Jeffrey et al. 
(1996b) found a damage accumulation in the >0.8 pm 
fraction of about half the damage in the <0.8 pm frac- 
tion. Jeffrey et  al. (1996b) explained the difference be- 
tween the 2 fractions by the small size of the bacterio- 
plankton: this precludes effective cellular shading or 
protective pigmentation (Garcia-Pichel 1994). 
A significant correlation between DNA damage and 
the received UVBR (305 nm) dose could be found in 
the biodosimeters, but not in the bacterioplankton frac- 
tion of the incubated seawater. One explanation for 
this discrepancy between biodosimeters and bacterio- 
plankton might be that the amount of dimers in bacte- 
rioplankton did not increase anymore in the afternoon, 
while the amount of dimers in the biodosimeters was 
still increasing. As stated above, repair mechanisms 
might explain this. However, this does not settle it 
completely, since the correlation is still not significant 
if the values at the end of the day are removed (R2 = 
0.45, n = 8, p > 0.5). No correlation was found between 
DNA damage in the bacterioplankton fraction and 
inhibition of leucine incorporation rate. It can be ques- 
tioned whether a correlation between protein synthe- 
sis and DNA damage can be expected. Dinlers block 
the action of DNA polymerase, thereby preventing 
genome replication, and will thus have an  effect on the 
growth rate. Protein synthesis might not be necessarily 
affected by this when no pro-novo synthesis of en- 
zymes is needed for protein synthesis. From our results 
it appeared that thymine dimers were only induced by 
UVBR, while inhibition of leucine and thymidine incor- 
poration was also found in incubations where UVBR 
was excluded. Thus, inhibition of protein synthesis 
(leucine incorporation), but also of DNA synthesis 
(thymidine incorporation), was certainly not only the 
consequence of induced thymine dimers. This might 
explain why no significant correlation was found 
between the inhibition of protein synthesis and the 
amount of thymine dimers. Inhibition of protein and 
DNA synthesis can also be caused by other factors like 
damage to enzymes or other cell compartments. The 
activity of bacterial ectoenzymes, for example, is found 
to be retarded under the influence of UVR (Herndl et 
al. 1993, Miiller-Niklas et al. 1995). 
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In the bacterial production, a trend was found, with 
the highest inhibition under full solar radiation, lower 
inhibition when UVBR was shielded off and the lowest 
inhibition when short wavelength UVAR was also 
shielded off. Only in the experiments in which the 
samples were incubated for 3 h around noon, shielding 
off UVBR did not result in an increase in the leucine 
incorporation. It is probable that, due to the very high 
irradiance at that time, the effects of UVAR and PAR 
were already very high and overshadowed the effects 
of UVBR. Also, the use of Whirlpack bags with lower 
transmittance to UVBR in the 3 h experiments, com- 
pared to polypropylene bags as used in the diurnal 
experiments, might have contributed to this. Many 
studies report an inhibitory effect of UVBR on the 
leucine and thymidine incorporation rates (Bailey et al. 
1983, Herndl et al. 1993, Aas et al. 1996, Jeffrey et al. 
1996a), but inhibition by UVAR and PAR has also been 
found in olher studies. Sieraciri & Sieburth (1986) 
showed that UVAR was responsible for the observed 
growth delay of marine bacteria. Sommaruga et al. 
(1997) found that both UVAR and PAR contributed to 
the inhibition of thymidine and leucine incorporation 
in bacterioplankton. Inhibition by PAR was also ob- 
served by Aas et al. (1996), Bailey et al. (1983) and 
Garabetian (1991), and Gourmelon et al. (1994) found 
that visible light caused a drastic decrease of cultur- 
able bacteria. They suggested that reactive oxygen 
species might be involved in this process, since the 
effect of light was much lower in anaerobic conditions 
while scavengers reduced the effect a little. The contri- 
bution of PAR to the total inhibition was much higher 
in our study (Table 2) than in the study of Aas et al. 
(1996), who found a contribution of PAR of only 23 % of 
total inhibition of leucine incorporation and even a 
stimulation of thymidine incorporation compared to 
the dark incubation. 
Although inhibition of the leucine incorporation 
rate was not solely caused by UVBR, a significant 
linear correlation was found between the leucine 
incorporation rate as percentage of the dark incuba- 
tion (of both the short-term and the diurnal experi- 
ments) and the UVB photon dose (305 nm). Signi- 
ficant correlations were also found with other 
wavelengths and with the sum of the 4 measured 
wavelengths in the UVR region, but the best correla- 
tion (highest R') was found with UVBR (305 nm). 
Since all parts of the sunlight spectrum contributed 
to the inhibition, UVBR-305 nm can be seen as a 
measure for the total light dose. It is remarkable that 
linear regression appeared to fit the data best since 
one would tentatively assume that an exponential 
decline in bacterial production with increasing dose 
would give a better fit as described by Herndl et al. 
(1993). 
The absence of significant differences between fil- 
tered and unfiltered samples in response to UVR 
(Fig. 2) suggests that the effect of UVR on the photo- 
synthetic and bacterivorous plankton affecting the 
leucine incorporation rate was too small to be detected 
in our experiments. From countings it appeared that 
the filtered sample still contained about 10% of pico- 
phytoplankton after filtration over 0.8 pm filters, which 
would have deteriorated the difference between the 
filtered and the unfiltered samples to a limited extent. 
It is known that the primary producers in tropical 
waters are dominated by coccoid cyanobactena and 
prochlorophytes smaller than 1 pm in diameter (Duck- 
low 1990). From other studies it also appeared that 
grazers can pass through filters with this small pore 
size (Fuhrman & McManus 1984, Cynar et al. 1985). 
However, we assume that the concentration of the bac- 
terivores will have been greatly reduced since the 
leucine incorporation rate in the dark bags with fil- 
tered water increased much more than in the bags 
with unfiltered water (data not shown). 
The results of the diurnal incubations (Fig. 5) show 
that in the morning hours (until noon) inhibition of the 
leucine incorporation rate was found for all light treat- 
ments, suggesting that PAR + long wavelength UVAR 
was mainly the cause of this inhibition as also appears 
in Table 2. In the afternoon, the incorporation rate in 
the samples incubated under full solar radiation 
decreased further, while the rate in the samples incu- 
bated without UVBR became even higher compared to 
the dark incubation. The bacterial numbers were com- 
parable in the bags at the end of the incubation, which 
suggests that the protein synthesis per cell differed 
between the samples. The observed stimulation in the 
afternoon when incubated without UVBR was partly 
due to a decrease in the incorporation rate in the dark 
incubations, but this cannot explain the large differ- 
ence between rates in the incubations with and with- 
out UVBR. This difference might be explained by bac- 
terial utilization of an increased extracellular release 
by phytoplankton (Gomes et al. 1991, Obernosterer & 
Herndl 1995) due to photosynthesis in the incubations 
without UVBR. If the amount of excretion of carbohy- 
drates is closely coupled to the amount of intracellular 
carbohydrates, this explanation is consistent with our 
results on intracellular carbohydrate synthesis by 
phytoplankton, which occurred only in the incubations 
without UVBR. Another explanation could be that the 
leucine incorporation was stimulated by the products 
from photolysis of DOM induced by UVAR + PAR more 
than it was inhibited by this radiation. The products of 
photolysis of DOM are predominantly low molecular 
carbon compounds which might be taken up rapidly 
by bacterioplankton (Wetzel et al. 1995). Also, about 
two-thirds of the photolytic activity is caused by 
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UVAR + PAR and only one-third by UVBR (Herndl 
1997). Another possible explanation might be the 
repair of damage which was still present from the pre- 
vious day or induced in the morning. Recovery of pro- 
tein synthesis under exposure to UVAR and PAR was 
also found by Kaiser & Herndl (1997). 
It can be questioned whether a dark incubation is a 
good control for incubations under different light con- 
ditions, since the extracellular release of phytoplank- 
ton will be different in the dark than in the light, which 
may cause changes in the bacterial activity. Aas et al. 
(1996) observed an enhanced incorporation of leucine 
compared to the dark control, which they explained by 
a stimulation of bacterial activity by photosynthesis in 
the light. In our study, a decrease in the leucine incor- 
poration rate in the PAR incubation was observed, in- 
dicating that the damaging effects of long wavelength 
UVAR and PAR prevailed over the potentially stimula- 
tory effects of photosynthesis or photolysis of DOM. 
Synthesis of intracellular carbohydrates by phyto- 
plankton appeared to be inhibited under full solar radi- 
ation, to the extent that no significant difference could 
be found between incubations in the dark and those 
under full solar radiation. The phytoplankton cells 
incubated without UVBR had significantly higher car- 
bohydrate contents than those incubated in the dark, 
suggesting that primary production could only occur 
when UVBR was shielded off during incubations at the 
surface. The inhibitory effect of UVR on the synthesis 
of carbohydrates, also measured as glucose molecules 
after hydrolysis, was also found by Goes et al. (1996). 
The carbohydrate content in the incubations with 
UVR<375 nm shielded off was higher, although not 
significantly, than in the incubations with UVBR 
shielded off. Helbling et al. (1992) showed that UVAR 
was responsible for over 50 % of the total inhibition of 
photosynthesis of phytoplankton and with less than 
50% due to UVBR. The amount of thymine dimers 
appeared to be rather low in comparison to bacterio- 
plankton, but could have contributed to the inhibition 
of carbohydrate synthesis in phytoplankton. In the 
diatom Cyclotella sp., growth rate reduction appeared 
to be strongly related to thymine dimer content (Buma 
et al. 1997). However, inhibition can also be the result 
of inactivation of photosystems or destruction of pig- 
ments, proteins or membranes (Vincent & Roy 1993, 
Karentz et al. 1994). An increase in carbohydrate con- 
tent in the incubations without UVBR was only found 
in the morning hours (until midday) and in late after- 
noon (after 14:OO h) ,  suggesting that photo-inhibition 
by high PAR irradiance occurred around midday. 
Photo-inhibition by high photon irradiance of PAR, 
resulting in a decrease in photosynthesis, is an often 
observed phenomenon in phytoplankton (Vincent et 
al. 1984, Henley 1993). 
This study clearly showed the potential inhibition of 
UVR and PAR on protein and DNA synthesis in bacte- 
ria, which certainly affects the microbial food web in 
the water column. We investigated the most extreme 
situation of light exposure: incubation at the surface 
during the entire day. Depth irradiance is decreasing, 
and therefore the inhibition and DNA photodamage 
will also decrease with depth. Jeffrey et al. (199Ga,b) 
showed a depth profile of DNA damage with an expo- 
nential decrease with depth on a calm day. With mix- 
ing, no differences were found between different 
depths and time. However, this is not necessarily 
always the result of mixing. Neale et  al. (1998) showed 
with a model that inhibition (of photosynthesis in 
Antarctic phytoplankton) can be either enhanced or 
decreased by vertical mixing, compared to static pro- 
files, depending on the depth of the mixed layer. 
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